Glutathione degradation plays an important role in glutathione and redox homeostasis, and thus it is imperative to understand the enzymes and the mechanisms involved in glutathione degradation in detail. We describe here ChaC2, a member of the ChaC family of ␥-glutamylcyclotransferases, as an enzyme that degrades glutathione in the cytosol of mammalian cells. ChaC2 is distinct from the previously described ChaC1, to which ChaC2 shows ϳ50% sequence identity. Human and mouse ChaC2 proteins purified in vitro show 10 -20-fold lower catalytic efficiency than ChaC1, although they showed comparable K m values (K m of 3.7 ؎ 0.4 mM and k cat of 15.9 ؎ 1.0 min ؊1 toward glutathione for human ChaC2; K m of 2.2 ؎ 0.4 mM and k cat of 225.2 ؎ 15 min ؊1 toward glutathione for human ChaC1). The ChaC1 and ChaC2 proteins also shared the same specificity for reduced glutathione, with no activity against either ␥-glutamyl amino acids or oxidized glutathione. The ChaC2 proteins were found to be expressed constitutively in cells, unlike the tightly regulated ChaC1. Moreover, lower eukaryotes have a single member of the ChaC family that appears to be orthologous to ChaC2. In addition, we determined the crystal structure of yeast ChaC2 homologue, GCG1, at 1.34 Å resolution, which represents the first structure of the ChaC family of proteins. The catalytic site is defined by a fortuitous benzoic acid molecule bound to the crystal structure. The mechanism for binding and catalytic activity of this new enzyme of glutathione degradation, which is involved in continuous but basal turnover of cytosolic glutathione, is proposed.
Glutathione is an essential metabolite in almost all eukaryotic cells; the only exceptions are the mitochondrial protozoans (1) . In addition to the essential role in mitochondrial iron-sulfur biogenesis (2) , glutathione plays many other roles that include its role as the principal redox buffer (2, 3) in sulfur storage and transport, xenobiotic, metal, and ROS 8 detoxification (4, 5) and its ability to regulate protein function through glutathionylation (6) . Glutathione is essential in eukaryotes, and knocking out glutathione biosynthesis is embryonically lethal in mammals (7) . Furthermore, glutathione depletion is a hallmark of apoptosis (8) and low glutathione levels have been strongly correlated with several disease states (9) . However, high levels of glutathione are also deleterious to the cell (10 -13) . Thus, it is important for the cell to ensure that the levels of glutathione are tightly regulated. Glutathione degradation and turnover is an important factor in glutathione homeostasis (14) . However, for several decades, only a single enzyme, ␥-glutamyltranspeptidase, was shown to be responsible for glutathione degradation, but its effects were on non-cytosolic pools of glutathione (15) . Recent studies have led to the discovery of two new enzymes for cytosolic glutathione degradation. The first is the Dug enzyme consisting of the (Dug2p-Dug3p) 2 enzyme complex that can specifically break down glutathione to Cys-Gly and glutamate (16, 17) . This pathway is exclusively present in yeast and fungi. The second pathway involves the ChaC1 enzyme, a member of the ChaC family of ␥-glutamylcyclotransferases that can specifically degrade glutathione to 5-oxoproline and Cys-Gly (10) and is induced under conditions of ER stress in the cell (10, 18) . Members of the ChaC family have been found in organisms ranging from the unicellular bacteria and yeast to the higher multicellular eukaryotes such as Drosophila melanogaster, mouse, and humans. In Escherichia coli and yeast, a single homologue of ChaC has been found to exist. However, in the higher multicellular eukaryotes, two ChaC homologues are present, ChaC1 and ChaC2. Although the mouse and human ChaC1 function as glutathione-degrading enzymes (10, 19) , the function of the mammalian ChaC2 proteins has not been explored.
In this manuscript we have investigated the function of ChaC2 and determined that it functions in glutathione degradation similar to ChaC1 proteins. However, the ChaC2 proteins are characterized by a far lower catalytic efficiency than ChaC1 and, unlike ChaC1, are constitutively expressed. Furthermore, the single ChaC homologue present in lower eukaryotes and prokaryotes appears to be functionally equivalent to the ChaC2 rather than the ChaC1. In addition, we have solved the crystal structure of the ChaC2 homologue in yeast. This is the first crystal structure to be determined for any member of the ChaC family of proteins and thus provides insights into the mechanism of action of ChaC proteins.
Results

Sequence Analysis and Phylogeny Suggests ChaC1 and ChaC2
Represent Two Distinct Members of the ChaC Family-The amino acid sequence of mouse ChaC1 and mouse ChaC2 displays ϳ50% identity between them. Similarly, human ChaC1 shows 50% identity to the human ChaC2. In contrast, when mouse ChaC1 was compared with human ChaC1, there was an 88% sequence identity, and mouse ChaC2 compared with human ChaC2 reveals an ϳ94% identity between the proteins (data not shown). This suggested that the ChaC1 and ChaC2 proteins might represent two distinct members of the ChaC family. To investigate this further we built a phylogenetic tree with members of the ChaC family proteins from different organisms. The phylogenetic tree strongly suggests that the ChaC family consists of two different branches represented by the ChaC1 and ChaC2 proteins ( Fig. 1) . Interestingly, we observed that the higher eukaryotes had both ChaC1 and ChaC2 members, whereas some of the lower eukaryotes such as Caenorhabditis elegans, yeast such as Saccharomyces cerevisiae, fungi, and unicellular protozoans such as Tetrahymena thermophila and bacteria such as E. coli had a single ChaC.
The Human ChaC2 Functions Specifically in Glutathione Degradation-To make a preliminary evaluation into the function of ChaC2, we cloned the human ChaC2 and evaluated its function by simple growth-based functional assays that evaluate glutathione degradation in yeast. ChaC2 expressed downstream of the yeast constitutive TEF promoter in the centromeric p416TEF vector was transformed into the yeast S. cerevisiae ABC 1723, and the transformants were evaluated for their growth on either the sulfur-containing dipeptides ␥-glutamylmethionine and ␥-glutamylcysteine or the tripeptide, ␥-glutamyl-cysteinyl-glycine (glutathione), as sulfur source. This strain is an organic sulfur auxotroph due to the met15⌬ (leads to a defect in inorganic sulfur assimilation pathway) and cannot utilize glutathione due to the presence of the deletions ecm38⌬ (␥-glutamyltranspeptidase gene) and dug3⌬ (component of the DUG enzyme). The strain thus allows a check of the glutathione degrading capability of ChaC2 proteins. We observed that the human ChaC2 expressed in yeast could allow growth only on glutathione but could not grow on either of the two ␥-glutamyl dipeptides, ␥-Glu-Met or ␥-Glu-Cys. Human ChaC1 was also evaluated on these different substrates and was found to act with a similar specificity on glutathione as had been observed with the mouse ChaC1 ( Fig. 2A) . To examine the relative efficiencies with which they acted on glutathione within the cell, the human ChaC2 and human ChaC1 bearing constructs were expressed in a yeast strain with a defect in glutathione biosynthesis to see how they retarded growth on low glutathione supplementation. Both the proteins led to retarded growth of these strains, although human ChaC1 was more efficient than ChaC2 in depleting glutathione levels in vivo as seen from the growth patterns ( Fig. 2B ). To further evaluate the effects of human ChaC2 and ChaC1 in vivo, we estimated the reactive oxygen species (ROS) levels in cells transformed with either human ChaC2 or ChaC1. The overexpression of human ChaC1 led to an 80% increase in ROS levels, whereas with human ChaC2 it was only a 28% increase in ROS levels (Fig. 2C ). These results indicate that along with the increased depletion of glutathione that occurred with ChaC1 overexpression, a corresponding increase in ROS was also seen, whereas in the less efficient ChaC2, a lower depletion of glutathione and a consequent lower increase in ROS was observed. To confirm that the increased ROS was a consequence of lower glutathione levels, we also directly estimated glutathione levels in cells that had ongoing glutathione biosynthesis. ChaC1overexpressing cells showed a significantly lower glutathione level as compared with controls, whereas ChaC2-expressing cells showed only a small decrease in glutathione levels (Fig.  2D) .
The Purified Human and Mouse ChaC2 Proteins Degrade Glutathione at Lower Efficiency Than Their ChaC1 Homologues in Vitro-To evaluate the glutathione degradation capability of the ChaC2 proteins more rigorously, the human and mouse ChaC2 proteins were expressed in E. coli and purified as described under "Experimental Procedures." The purified proteins on SDS-PAGE displayed a size of 22 kDa and 21 kDa, respectively, for the human and mouse proteins (data not FIGURE 2 . A, in vivo growth assay in S. cerevisiae strain to check glutathione degradation function of human ChaC1 and ChaC2; S. cerevisiae strain ABC1723 was transformed with p416TEF harboring human ChaC1 and ChaC2. The transformants were serially diluted and spotted on SD medium plates containing glutathione or methionine or ␥-Glu-Met as a sulfur source. B, in vivo growth assay in S. cerevisiae strain ABC1195 (MAT␣ his3⌬1 lys2⌬0 met15⌬0 ura3⌬0 gsh1 ⌬::LEU2) to check glutathione-degrading efficiencies. Transformants were grown in SD media containing GSH, serially diluted, and spotted on SD plate containing 20 M GSH. C, ROS levels in yeast cells (ABC1195) expressing human ChaC1 and ChaC2; ROS levels were measured using DCF-DA probe. D, glutathione levels of yeast BY 4741 transformed with human ChaC1 and ChaC2. Lysates from the yeast transformants were used for glutathione estimation as explained under "Experimental Procedures." The two datasets for each sample from two independent experiments were obtained and plotted using graph pad prism software. *, indicates p value Ͻ 0.05.
shown), close to their predicted molecular size. In gel filtration studies the ChaC2 showed a single monomeric peak (data not shown). Enzyme assays to evaluate the efficiency of human ChaC2 on different ␥-glutamyl compounds (compared with ChaC1) revealed that in in vitro human ChaC2 also displayed catalytic activity against glutathione but did not show any activity against either oxidized glutathione or ␥-Glu-Cys (data not shown). The kinetics of the purified proteins were determined using the Dug1p-coupled assay. Human ChaC2 displayed Michaelis-Menten kinetics and showed a K m of 3.7 Ϯ 0.4 mM and k cat of 15.9 Ϯ 1.0 min Ϫ1 toward glutathione ( Fig. 3A) , whereas mouse ChaC2 similarly displayed Michaelis-Menten kinetics with a K m of 3 Ϯ 0.40 mM and k cat of 7.6 Ϯ 0.5 min Ϫ1 toward glutathione (data not shown). Thus, the kinetic parameters of human and mouse ChaC2 were comparable, and their K m values appeared to be physiologically relevant considering glutathione is found at millimolar levels in the cell. In comparison, the human ChaC1 showed a K m of 2.2 Ϯ 0.4 mM and k cat of 225.2 Ϯ 15 min Ϫ1 toward glutathione ( Fig. 3B ). As reported earlier, the mouse ChaC1 had a K m of 3.13 Ϯ 0.40 mM (10) and k cat of 391 Ϯ 3.1 min Ϫ1 . Thus, although the K m of both human ChaC2 and human ChaC1 were comparable and within the physiological range of glutathione concentrations in the cell, the k cat of ChaC2 protein showed 10 -20-fold lower catalytic efficiency than the human ChaC1 protein.
Human ChaC2 Is a Cytosolic, Constitutively Expressed Protein-To experimentally determine the localization of human ChaC2, anti-human ChaC2 antibodies were used to immunostain natively expressed ChaC2 in HEK cells. The results indicated that ChaC2 is localized in the cytosol (Fig. 4) .
To examine if the human ChaC2 expression was induced during ER stress similar to what had been observed with the mouse and human ChaC1 proteins, we subjected HEK cells to the ER stress-inducing agent tunicamycin. ChaC1 and ChaC2 mRNA levels were measured using real time quantitative PCR, and protein levels were measured using Western blot analysis ( Fig. 5, A and B) . We observed that ER stress induces the expression of human ChaC1 significantly, as reported earlier, but no significant changes were observed in the case of human ChaC2.
Glutathione degradation also serves as a source of sulfur for the cells. Hence, we investigated the effect of sulfur starvation on human ChaC1 and ChaC2 expression by real-time PCR analysis. As illustrated in Fig. 5C , we found that sulfur starvation up to 18 h significantly increased ChaC1 transcription by ϳ10-fold, but on further extension beyond 18 h the levels started decreasing, which may be due to a loss of cell viability. In comparison, in the case of human ChaC2 there was no significant change in the levels. We also evaluated the expression levels at the protein level by Western blot analysis where human ChaC1 levels increased significantly at 18 -24 h of exposure, but only a small increase in the levels of human ChaC2 was observed ( Fig. 5D ).
In human breast and ovarian cancer cells, human ChaC1 has been shown to be up-regulated. We, therefore, examined whether human ChaC2 was found at higher levels in cancer cells. We carried out a comparison of human ChaC1 and ChaC2 RNA levels in HEK (non-tumorigenic) cells and various tumorigenic cell lines of different tissue origin. Higher levels of ChaC1 transcripts were present in all the tumorigenic cell lines as compared with HEK cells, even without the need for induc- tion. In comparison to this, levels of human ChaC2 transcripts in tumorigenic cell lines were comparable to, or slightly less than the levels seen in HEK cells ( Fig. 6 ).
E. coli ChaC and Yeast GCG1 Also Function as ChaC2-like Proteins-During the sequence and phylogenetic analysis it was evident that many of the unicellular eukaryotes and prokaryotes had a single homologue of the ChaC family. Moreover, sequence comparisons with the S. cerevisiae GCG1 protein (ORF YER163c; Yeast ChaC homologue) indicated that it had greater similarity to the ChaC2 proteins. This was also reflected in the kinetic analysis. We previously investigated the kinetics of the yeast GCG1 along with the mouse ChaC1 (10). The yeast GCG1 has been shown to be cytosolic (20) . The K m of GCG1 was found to be 1.5 Ϯ 0.20 mM (10), whereas the k cat had a value of 50.8 min Ϫ1 . The k cat was 9-fold lower than the k cat of mouse ChaC1. The significance of this difference in k cat was not recognized at that point because the ChaC1 and ChaC2 had not been defined as two distinct members of ChaC family earlier. In the case of few other organisms, such as T. thermophila and E. coli, which also had a single homologue, it was not immediately clear from sequence similarities if the protein was a member of the ChaC1 or ChaC2 families. We decided to evaluate one of these proteins, the E. coli ChaC for its kinetic parameters. E. coli ChaC was earlier shown to specifically degrade glutathione (10), but its kinetic parameters were never evaluated. The purified E. coli ChaC protein was used to determine the kinetic parameters. The protein displayed Michaelis-Menten kinetics, and the K m and k cat toward glutathione was found to be 3.1 Ϯ 0.91 mM and 13 Ϯ 0.27 min Ϫ1 , respectively (data not shown). The K m being within the physiological range of glutathione suggested that the activity was physiologically relevant, whereas the k cat indicates a lower catalytic efficiency than mouse and human ChaC1 but comparable efficiency to the mouse and human ChaC2. This suggested that the E. coli ChaC was functionally orthologous to the ChaC2 protein family.
Crystallographic Studies and Quality of the Yeast ChaC2 Homolog (GCG1) Model-To gain mechanistic insights we initiated the crystal structure determination of ChaC2 protein.
The attempt to crystallize the human ChaC2 was unsuccessful. However, the crystallization of yeast GCG1, a homologue of human ChaC2, was successful, and we were able to collect X-ray diffraction data up to 2.2 Å from an in-house X-ray source. Despite many attempts we could not solve the structure by molecular replacement using the close homologs that were available in the Protein Data Bank (PDB) as templates. Therefore, we decided to determine the structure by anomalous dispersion method by incorporating selenomethionine residues in the GCG1 protein. Because the native GCG1 protein contained only three methionine residues, including the initial N-terminal methionine, we mutated an additional four residues to methionine (S42M, L77M, A141M, and V176M) to increase the chance of solving the structure by single or multiple anomalous dispersion (SAD or MAD) methods. The native GCG1 protein was overexpressed, purified, and crystallized in P1 space group with unit cell parameters a ϭ 41.78 Å, b ϭ 62.02 Å, c ϭ 61.70 Å, and ␣ ϭ 113.71°, ␤ ϭ 89.89°, and ␥ ϭ 101.80°. The calculation of Matthew's coefficient (21) and solvent content suggested two molecules in the asymmetric unit, with the values corresponding to 2.7 Å 3 Da Ϫ1 and 55%, respectively. Similarly, the semet-GCG1-mutant overexpressed in the presence of selenomethionine was purified and crystallized in P4 2 2 1 2 space group with unit cell parameters of a ϭ b ϭ 110.55 Å and c ϭ 42.59 Å. Assuming one molecule per asymmetric unit, the calculated Matthew's coefficient was 2.5 Å 3 Da Ϫ1 with 51% solvent content.
Initially, the crystal structure of semet-GCG1-mutant was solved by the SAD method with one molecule in the asymmetric unit, and the model was further refined using PHENIX suite of programs with final R work and R free (22) of 0.17 and 0.21, respectively. The model of semet-GCG1-mutant consists of 224 residues (of 232), 142 water molecules, and 1 succinic acid molecule. The crystal structure of native GCG1 was solved by the molecular replacement method using the structure of semet-GCG1-mutant as template. The crystal structure of GCG1 showed two molecules in the asymmetric unit. The GCG1 model was further refined using the PHENIX suite of programs with R work and R free converged to 0.16 and 0.19, respectively. The final GCG1 model consisted of 445 residues (of 464), 441 solvent molecules, 2 benzoic acid molecules, and 2 phosphate ions. The initial N-terminal 5 residues and the residues from 210 to 214 were not included in the model due to lack of electron density. The calculated buried area (434 Å 2 ) at the interface using the PISA (23) server indicated that the two molecules in the asymmetric unit did not form any stable oligomer, which was consistent with our gel-filtration studies, and thus, GCG1 exists as monomer in solution. The final refinement statistics for native and semet-GCG1-mutant structures are shown in Table 1 .
Overall Three-dimensional Structure of GCG1-The crystal structure of GCG1 revealed that it belonged to the ␥-glutamylcyclotransferase-like fold despite its low sequence similarity with other members of this family. The overall topology of GCG1 is shown in Fig. 7 and mainly consists of seven antiparallel ␤-strands and six ␣-helices. Earlier, the ␥-glutamylcyclotransferase fold was defined with the features consisting of a ␤-barrel topology with two strands "crossing over," a highly conserved helix, a binding cavity formed at one side of the ␤-barrel, a loop after strand ␤1 containing a conserved (V/A)YG(S/T) motif, a conserved tyrosine in strand ␤4, and an aromatic residue in strand ␤5 (24) . Essentially, all these features were present in a GCG1 model with the ␤-barrel topology formed by strands ␤1-␤2-␤5-␤6-␤7 with crossing over strands ␤6 and ␤7, a highly conserved helix ␣-2, the loop after strand ␤1 containing a 12-GYGS-15 motif, a conserved tyrosine (Tyr-119) in ␤6 strand, and an aromatic residue (Tyr-161) in strand ␤7, thus establishing the ␥-glutamylcyclotransferase fold for GCG1.
Catalytic Site of GCG1-The crystal structure of GCG1, during the refinement, consistently showed an electron density in the difference Fourier map Ͼ3.0 level. The electron density was modeled with a benzoic acid according to the shape of the electron density and refined further. The refinement parameters for the benzoic acid were within the limits and showed well defined electron density for it ( Fig. 8A) . To confirm the presence of benzoic acid, the GCG1was subjected to mass spectrometric analysis as described under "Experimental Procedures." The mass spectrometric data (data not shown) showed a peak at 122.0823 Da that corresponded to benzoic acid (molecular mass 122.12 Da). Although we did not add any benzoic acid during the purification or crystallization process, it was possible that it might originate from culture media or from trace elements present in the chemicals used for protein purification. A similar observation was also reported in the other crystal structures (25, 26) . The benzoic acid interacts with GCG1 mainly through hydrogen-bond and hydrophobic interactions (Fig.  8B) . The O 2 of benzoic acid interacts with backbone nitrogen atoms of Tyr-13. Moreover, O 2 also interacts with the carbonyl oxygen of Leu-11 and backbone nitrogen of Tyr-161 through a water molecule (W2). The O1 of benzoic acid interacts with backbone nitrogen atoms of Gly-14 and Leu-16. Similarly, the C3 of benzoic acid interacts with CE1 of Tyr-119 through hydrophobic interaction.
Interestingly, the crystal structure of semet-GCG1-mutant also showed electron density at the same position as benzoic acid in native GCG1 structure. However, we could model this electron density only with succinic acid (Fig. 8C ), as benzoic acid was not compatible with the shape of the electron density, and 1 M succinic acid was used for the crystallization of semet-GCG1-mutant protein. The succinic acid in the model occupies a similar position as that of benzoic acid, and its interactions were also conserved (Fig. 8D ). The O1 of succinic acid interacted with backbone nitrogen of Gly-14, Ser-15, and Leu-16, whereas O 2 interacted with the backbone nitrogen of Tyr-13. In addition, O 2 also interacted with carbonyl oxygen of Leu-11 and backbone nitrogen of Tyr-161 through a water molecule. The O3 of succinic acid interacted with backbone nitrogen and hydroxyl group of Ser-15. It also interacted with hydroxyl group of Tyr-196. Finally the O4 of succinic acid interacted with OE1 and OE2 of Glu-115 along with hydroxyl group of Ser-15, thus stabilizing its interaction with GCG1.
The superposition of GCG1 with ␥-glutamylaminecyclotransferase (GGACT) (24) revealed that the benzoic acid and succinic acid occupied the same position as that of 5-oxoproline (a product of GCG1 and GGACT) in GGACT (Fig. 8E) . Therefore, the crystal structure of GCG1 represents the benzoic acid-bound form, and the site where benzoic acid is bound is presumably the catalytic site of GCG1.
Comparison of GCG1 with Other Members of the ␥-Glutamylcyclotransferase Family-Although the similarity search using GCG1 sequence did not reveal any close homolog structure available in the PDB database, the similarity search using the structure of GCG1 in PDBeFOLD server (27) revealed similar structures that belong to the ␥-glutamylcyclotransferase family. The GCG1 structure showed close similarity with ␥-glutamylcyclotransferase (PDB ID 3JUC) (28) and ␥-glutamylaminecyclotransferase (PDB ID 3CRY) (24) with a root mean square deviation of ϳ2.5 Å for 135 C ␣ atoms (Fig. 9A ). However, the superposition of these structures revealed that they were similar only up to the ␤-barrel region, where the ␥-glutamyl moiety binds to the protein. Apart from this region each protein had a different number of ␣-helices and ␤-strands that decorate the ␤-barrel topology.
Discussion
The studies described here demonstrate a separate pathway in mammalian cells for constitutive, cytosolic degradation of glutathione that is mediated by the ChaC2 protein. The ChaC2 proteins were shown to specifically degrade glutathione to yield 5-oxoproline and Cys-Gly. Earlier, the ChaC proteins were grouped as one family. However, it is clear from both sequence and function that ChaC1 and ChaC2 proteins represent distinct branches in the ChaC family. The discovery that the ChaC2 protein acts on cytosolic glutathione in a manner distinct from ChaC1 makes it the third enzyme capable of degrading glutathione in mammalian cells, the others being the ChaC1 and the ␥-glutamyltranspeptidase enzymes. With the yeast S. cerevisiae and the plant Arabidopsis thaliana also having multiple pathways for glutathione degradation (29) , it is clear that glutathione degradation, which has until now been relatively poorly investigated, has a far more important role to play in glutathione homeostasis. Studies in yeast have in fact led to conclude that glutathione degradation is the key element in glutathione homeostasis (14) .
In contrast to what has been previously considered, studies on yeast have shown that glutathione degradation occurs continuously and that glutathione has a relatively short half-life. Under stress conditions, glutathione was found to be turned over rapidly with a half-life of 60 min, but surprisingly, even under un-stressed conditions glutathione was turned over with a half-life of ϳ90 min (14) . The human and mouse ChaC2 proteins described are likely to participate in a similar continuous and constant, housekeeping function of glutathione degradation in mammalian cells.
Lower eukaryotes and especially the unicellular eukaryotes have only a single ChaC member. Sequence and functional evaluation indicated that the single ChaC member in these lower eukaryotes is orthologous to the low efficiency ChaC2 protein. Thus, it is likely that the ChaC2 enzyme involved in constitutive, low level turnover is the ancestral enzyme, whereas the ChaC1 proteins present exclusively in higher eukaryotes that might have evolved with higher catalytic efficiency for carrying out acute glutathione turnover required under stress conditions. Despite their importance in maintaining glutathione homeostasis, no structural information hitherto is available for any member of the ChaC family proteins. Therefore, to gain mechanistic insights into the functioning of ChaC family, we have determined the crystal structure of GCG1 from yeast, a ChaC2 homologue at 1.34 Å resolution. The crystal structure of GCG1 reveals a ␥-glutamylcyclotransferase-like fold despite its low sequence similarity. The omit map was generated by deleting the benzoic acid (BEZ) from the model and refined with simulated annealing. The resultant Fourier (pale cyan) and difference Fourier (salmon) maps contoured at 1.5 and 3.0 level, respectively, are displayed around the catalytic site. The benzoic acid is shown in green. The electron density for water molecules are not shown for clarity purpose. B, stereo diagram showing the hydrogen bond interactions between benzoic acid (green) and residues from GCG1 (white). The side chain for some residues is not shown for clarity purpose. C, stereo diagram showing the omit map overlaid on the catalytic site of semet-GCG1-mutant. The omit map was generated by deleting the succinic acid (SIN) from the model and refined with simulated annealing. The resultant Fourier (pale cyan) and difference Fourier (salmon) maps were displayed at 1.0 and 3.0 levels, respectively. The succinic acid is shown in yellow. D, stereo diagram showing the hydrogen bond interactions between succinic acid (yellow) and residues from semet-GCG1-mutant (white). E, superposition of benzoic acid bound with GCG1 (green), succinic acid bound with GCG1 (yellow), and 5-oxo-proline bound with GGACT (light pink). The inset shows the close view of superimposed ligands of benzoic acid (green), succinic acid (yellow), and 5-oxo-proline (light pink).
Earlier studies with ␥-glutamylcyclotransferase (24) have proposed a Glu residue to act as a general acid/base where the ␣-amino group of L-␥-glutamyl moiety of the substrate is deprotonated by the Glu followed by nucleophilic attack of this amine onto the side chain amide carbon atom leading to formation of an oxyanion intermediate. This oxyanion eventually collapses to form 5-oxoproline. The protonated Glu donates a hydrogen ion to the amine of the ␣-linked amino portion of the substrate. We speculate that the GCG1 will also follow the same catalytic mechanism to convert the glutathione into 5-oxoproline and Cys-Gly peptide, as the Glu residue (corresponding to Glu-115 in GCG1) is conserved throughout the ChaC family (Fig. 9B) . Importantly, the mutation of E115A in GCG1 completely abolished its catalytic activity (10) . Notably, the recently identified Botch (30) , which is identical to mouse ChaC1, has been shown to possess a ␥-glutamylcyclotransferase activity that acts on the Notch protein. However, the glutamate on a protein does not have a free ␣-amino group that is required for deprotonation, and thus the mechanism of Notch inactivation is yet unknown and needs to be established.
To understand the differential catalytic efficiency shown by ChaC2 as compared with ChaC1, we compared the sequence of ChaC1 with the GCG1 sequence and structure. The GCG1 structure, although it shows structural similarity with other ␥-glutamylcyclotransferase family proteins, this similarity is extended only up to the ␤-barrel topology and a ␣-helix, a conserved region across all members of this family (Fig. 9A) . The other secondary structures and loops beyond this ␤-barrel topology are not conserved and may contribute to the specificity and possible differences in catalytic efficiency of the two proteins. In addition, apart from small sequence variations between ChaC1 and ChaC2, an initial N-terminal region of ϳ25 amino acids is missing in the ChaC2 and other ChaC proteins compared with ChaC1 (Fig. 9B ). This region may partly contribute to higher catalytic efficiency shown by ChaC1. However, the contribution of other residues that vary between ChaC1 and ChaC2 are not ruled out, and further experiments are required to determine their role in displaying different catalytic efficiencies.
Interestingly, the crystal structure of native GCG1 and semet-GCG1-mutant clearly shows an additional electron density at the catalytic site that could be modeled as benzoic acid and succinic acid, respectively. Although, the interactions of these two ligands with the protein are largely conserved (Fig. 8,  B and E) , the superposition of these two structures revealed a conformational change observed in a loop (Loop1) formed by the residues 110 YLNVREQNGY 119 (Fig. 9C) . Based on this observed conformational change, we propose that the Loop1 of GCG1 may play a role in acquiring its specificity. However, additional experiments and GCG1 structures along with substrate are required to validate our prediction.
In summary, we have demonstrated that the ChaC2 protein of mammals and its ortholog in lower eukaryotes and prokaryotes is responsible for the continuous, but basal, turnover of cytosolic glutathione. and thus it represents an additional pathway in glutathione degradation.
Experimental Procedures
Chemicals and Reagents-All the chemicals and regents used were either analytical grade or molecular biology grade. A gel extraction kit, plasmid preparation kits, and Ni-NTA resins were obtained from Qiagen. Oligonucleotides were synthesized from Sigma and IDT. All the media components were obtained from Difco. Glutathione, cysteine, ninhydrin, methionine, sorbitol, and GSSG were obtained from Sigma. Amplex red kit for glutamate estimation was obtained from Roche Applied Science. Restriction enzymes, Vent DNA polymerase, and other DNA modifying enzymes were obtained from New England BioLabs. PAGE protein markers were obtained from MBI Fermentas.
Strains, Media, and Growth Conditions-E. coli DH5␣ was used as a cloning host, and BL21, BL21 DE3 plysS and BL21 Rosetta were used as an expression host. The S. cerevisiae ABC1723 (MAT␣ his3⌬1 leu2⌬0 lys2⌬0 met15⌬0 ura3⌬0 ecm38⌬::KanMX4 dug3), ABC 1195 (MAT␣ his3⌬1 lys2⌬0 met15⌬0 ura3⌬0 gsh1 ⌬::leu2), and BY4741 (MATa his3⌬1 leu2⌬0 met15⌬0 ura3⌬0) were used for genetic complementation, ROS, and glutathione assays, respectively. The yeast strains were maintained at YPD (yeast extract, peptone, and dextrose). For genetic complementation assays synthetic defined (SD) minimal media containing YNB (yeast nitrogen base), ammonium sulfate, and dextrose supplemented with histidine, leucine, lysine, and methionine (80 mg/liter) were used. Glutathione was used at a concentration of 300 M. Yeast transformations were carried out using lithium acetate method (31) .
Cell Culture-Cell lines were obtained from NCCS-Pune and maintained in DMEM and RPMI 1640 supplemented with 10% fetal bovine serum, penicillin (100units/ml), and streptomycin (100 g/ml; Invitrogen) at 37°C in a humidified atmosphere with 5% CO 2 .
Bioinformatics Analysis-Human ChaC2 and ChaC1 sequences were obtained from the NCBI database and analyzed for homologues in different organisms using BLASTp. Multiple sequence analysis was performed using T-coffee software (32) . The multiple sequence data file was then used to obtain a neighbor joining-based phylogenetic tree with MEGA6 software (33) .
Cloning and Expression of Human ChaC1, Human/Mouse ChaC2, E. coli ChaC, Yeast GCG1, and Semet-GCG1-mutant Proteins-The human ChaC1/ChaC2 and mouse ChaC2 genes were PCR-amplified from cDNA clones that were obtained from SAF laboratories and subcloned into the yeast expression FIGURE 9 . Comparison of members of ␥-glutamylcyclotransferase. A, stereo diagram showing the superposition GCG1 (green), ␥-glutamylcyclotransferase (cyan), and ␥-lutamylaminecyclotransferase (light pink). The benzoic acid (green) bound at the catalytic site is shown in stick model. B, multiple sequence alignment of GCG1 and its homologues. Identical residues were shown in a red background, whereas similar residues were shown in a yellow background. The secondary structure of GCG1 was marked on the top of the alignment. The residues were aligned using T-coffee software and merged with secondary structure using ESPript (43) . C, stereo diagram in schematic form showing the superposition of GCG1 (green) and semet-GCG1-mutant (yellow). The subtle conformational changes of the loop regions are marked with arrows. The benzoic acid (green) and succinic acid (yellow) bound at the catalytic site of GCG1 and semet-GCG1-mutant are shown in stick model. vector p416TEF using primers as mentioned in Table 2 . The genes were cloned at the BamH1 and XhoI sites. Additionally, the mouse ChaC2, human ChaC2, and yeast GCG1 were PCRamplified using a C-terminal His 8 -tag reverse primer and cloned in the pET23d vector. Similarly, the E. coli ChaC (amplified from E. coli genomic DNA), yeast GCG1 mutant (S42M, L77M, A141M, and V176M), and human ChaC1 were cloned in pET23a vector. For the expression of proteins the constructs carrying the mouse ChaC2, human ChaC2, human ChaC1, yeast GCG1, GCG1-mutant, and E. coli ChaC were transformed in E. coli BL21 (DE3), E. coli BL21 Rosetta, E. coli BL21 (DE3) pLysS, E. coli BL21 (DE3), E. coli BL21 Rosetta, and E. coli BL21 (DE3) pLysS, respectively.
For the expression of proteins in E. coli, the primary cultures were grown overnight in LB media containing ampicillin (100 g/ml). Chloramphenicol (35 g/ml) was also added when E. coli strains carried dual selection. The secondary cultures bearing the mouse ChaC2, human ChaC1/ChaC2, and yeast GCG1 (10) clones were inoculated at 0.05 A 600 nm and allowed to grow until the A 600 nm reached 0.5-0.6 (1 A 600 nm ϭ 2 ϫ 10 7 cells). The cultures were induced with 0.5 mM IPTG and kept at 18°C for 16 h. For E. coli ChaC, the protocol was slightly modified because the majority of the E. coli ChaC protein entered into inclusion bodies. Therefore, the secondary culture was allowed to grow until 0.3 A 600 nm , and 3% ethanol was added to the culture along with 0.5 mM IPTG. The culture was then allowed to grow at 18°C with 180 rpm for 15 h. For the expression and labeling of GCG1-mutant with selenomethionine (semet-GCG1-mutant), a single colony carrying pET23a-GCG1-mutant was inoculated in 50 ml of minimal media (Molecular Dimensions, Suffolk, UK) containing L-methionine supplemented with 100 g/ml ampicillin and 35 g/ml chloramphenicol and incubated at 37°C for 16 h. The overnight grown culture was harvested, and the pellet was washed three times with distilled water, and finally resuspended in 1 ml of water. The resuspended pellet was inoculated in 500 ml of prewarmed minimal media containing L-selenomethionine. The cells were grown until the A 600 nm reached a value of 0.5 followed by the addition 0.1 M sorbitol and 0.1 mM IPTG, and the cells were grown further for 16 h at 16°C. All the cells were harvested by spinning the culture at 10,000 rpm for 10 min at 4°C.
Purification of Human ChaC1, Human/Mouse ChaC2, E. coli ChaC, Yeast GCG1, and Semet-GCG1-mutant Proteins-The harvested cell pellets were lysed by sonication in a buffer containing 50 mM Tris, pH 8, 300 mM NaCl, and 1 mM PMSF. The cell lysates were centrifuged at 15,000 ϫ g for 1 h at 4°C, and the supernatant obtained was loaded over Ni-NTA columns that were pre-equilibrated with 50 mM Tris, pH 8.0, 300 mM NaCl buffer (buffer A). The Ni-NTA columns were washed with 5 column volumes of buffer A containing 20 mM imidazole. The bound proteins were eluted in buffer A containing 200 -250 mM imidazole and dialyzed overnight against 50 mM Tris, pH 8.0, 300 mM NaCl using a 10-kDa cutoff membrane except yeast GCG1 and semet-GCG1-mutant, which were dialyzed with 100 mM Tris and 200 mM NaCl. The GCG1 and semet-GCG1-mutant proteins were further purified by gel filtration chromatography using a pre-packed Sephacryl S-200 column (16/600 mm, GE Healthcare) that was pre-equilibrated with 100 mM Tris, pH 8.0, 200 mM NaCl buffer. In addition, the gel filtration chromatography using a pre-packed Superdex 200 column (10/300 mm) (GE Healthcare) was also carried out to estimate the molecular weight and oligomeric nature of Ni-NTA-purified human ChaC1, human ChaC2, mouse ChaC2, and E. coli ChaC proteins. The peaks obtained were analyzed against a standard curve that was established using protein standards (GE Healthcare). The purity of proteins were checked by SDS-PAGE, and the concentration of proteins were estimated by the Bradford method (34) at each step of purification. 
In Vivo Functional Complementation Assays in S. cerevisiae-The transformants were grown overnight in SD medium containing methionine or glutathione. Primary culture was used to inoculate secondary culture and allowed to grow until 0.6 A 600 nm . The cells were harvested, washed, and diluted in sterile water at 0.2 A 600 nm . Serial dilutions were then made, and 10 l of cell suspension was spotted on plates containing SD medium with or without glutathione.
Assay of ␥-Glutamylcyclotransferase Activity on Glutathione, ␥-Glu-Cys, Using Dug1p-coupled Assay-Glutathione degradation activity of ChaC2 proteins were performed using a Dug1coupled assay as described earlier (10) . 5 g of human ChaC2, 2.5 g of mouse ChaC2, and 10 g of E. coli ChaC were incubated with 0.2-15 mM GSH in 50 l of reaction mix containing 50 mM Tris, pH 8, and 5 mM DTT for 30 min at 37°C. The reaction was terminated thereafter by heating at 95°C for 5 min. 5 g of recombinant Dug1p and 20 M MnCl 2 was added to each reaction and incubated further for 1 h at 37°C. Cysteine release was estimated using a ninhydrin-based method (35) . The kinetic parameters were obtained by plotting data using graph pad prism 5 software.
Assay of ␥-Glutamylcyclotransferase Activity on GSSG and Glutathione Using 5-Oxoprolinase-coupled Assay-The activity against GSSG was checked by measuring the 5-oxoproline released during the reaction using 2.5 g of human ChaC2 and human ChaC1 proteins. The 5-oxoproline was estimated using 5-oxoprolinase coupled assay as described earlier (10) .
Determination of Intracellular ROS Generation-Intracellular ROS generation was assessed using 5-(and-6)-chloromethyl-2,7dichlorodihydrofluorescein diacetate, (CM-H 2 DCFDA) (Molecular Probes). WT yeast cells ABC1195 transformed with human ChaC1 and human ChaC2 cloned in p416TEF expression vector were grown in minimal media containing 10 M glutathione. 0.8 A 600 nm cells were pelleted, washed, and loaded with CM-H 2 DCFDA (10 M) for 30 min. Cells were washed with PBS, and fluorescence (excitation 493 nm, emission 527 nm) was then measured. To confirm that DCF was able to detect increased oxidative stress, cells in control medium were treated with 100 M H 2 O 2 , and it was taken as the positive control.
Confocal microscopy was also done to show dose-dependent changes in DCF levels in cells exposed to H 2 O 2 . Cells were plated onto poly-L-lysine-coated coverslips and loaded with CM-H 2 DCFDA (10 M) 30 min. After fixing with 4% paraformaldehyde, cells were washed with PBS and mounted using Vectashield mounting medium and stored at 4°C in dark until imaging. Data were normalized to values obtained from normoxic controls.
Determination of Intracellular Glutathione Levels-The S. cerevisiae BY4741 strains transformed with different plasmids were grown to an A 600 nm of 0.6 -0.8, harvested, and resuspended to an A 600 nm of 10. Cells were lysed in 800 l of KPE buffer (0.1 M potassium phosphate buffer and 5 mM EDTA, pH 7.5) containing 0.6% sulfosalicylic acid and 0.1% Triton X-100 using the glass bead lysis method. The supernatant was used for the estimation of glutathione by DTNB method according to the protocol by Rahman et al. (36) .
RNA Isolation and Quantitative Real-time PCR-Cultured cells were exposed to sulfur stress by growing in sulfur and cysteine-free DMEM for different time periods. Total RNA was extracted using an RNeasy kit (Qiagen) and quantified using a spectrophotometer at 260 nm. 500 ng of total RNA was reversetranscribed to cDNA using a Superscript II kit (Takara) with oligo(dT) primer. In the real-time PCR step, PCR reactions were performed in triplicate with 1 l of cDNA/20-l reaction and primers specific for human ChaC1 and human ChaC2 using SYBR Premix ExTaq in an Eppendorf RealPlex Mastercycler. Thermal cycling was initiated at 94°C for 30 s followed by 40 cycles of PCR (94°C for 5 s and 68°C for 30 s). ␤-Actin was used as an endogenous control. The Ct method was applied to normalize expression relative to the actin gene.
Western Blot Analysis-For Western blot analysis cells were lysed in buffer containing 150 mM NaCl, 1.0% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, and 50 mM Tris, pH 8.0. Protein concentration was estimated by the Bradford reagent. Proteins (50 g) were electrophoresed on a 15% SDS-polyacrylamide gel and transferred to nitrocellulose membrane (Millipore). The membrane was blocked with 5% BSA and probed with monoclonal antibody to ChaC1 (catalog #AV42623, Sigma) and ChaC2 (catalog #SAB2104121, Sigma) at 1:750 dilutions and incubated at 4°C overnight followed by incubation with secondary antibody for 2 h at 37°C. Immunoreactive bands were visualized using the enhanced chemiluminescence detection system (Amersham Biosciences) following the manufacturer's protocol.
Immunocytochemistry for in Vivo Localization-Cultured cells were plated onto poly-L-lysine-coated coverslips and fixed with 4% paraformaldehyde after exposing cells for 48 h to tunicamycin. Cells were blocked with 5% BSA and then incubated with monoclonal antibody to ChaC2 (1:100; Sigma) at 4°C overnight and then incubated in goat anti-rabbit Alexa Fluor 488 (1:20000; Invitrogen) for 30 min. For control, primary antibody was not added in the above treatment. After washing in PBS, slides were mounted using Vectashield mounting medium and stored at 4°C in the dark until imaging. Images were captured using confocal microscope (Zeiss LSM 780).
Mass Spectrometry Analysis of the Purified Protein-The purified GCG1 protein used for crystallographic studies was subjected to mass spectrometric analysis to confirm the presence of bound benzoic acid with the purified protein. The intact protein mass was analyzed using WATERS SYNAPT G2S QTOF mass spectrophotometer in electrospray ionization positive mode. The mass range and scan rate were set to record m/z from 50 to 2000 daltons in resolution mode. The sample was directly infused with a flow rate of 100 l/min, capillary voltage of 3 KV, cone voltage of 25 V at 120°C source temperature, and dissolvation temperature of 350°C. Raw data obtained was analyzed using mass lynx software.
Crystallization, Data Collection, and Structure Determination of GCG1-The yeast ChaC2 homolog, GCG1 (20 mg/ml), and semet-GCG1-mutant (12 mg/ml) in 100 mM Tris, pH 8.0, 200 mM NaCl were used to set up various commercial crystallization screens by sitting drop vapor diffusion method with 96-well plates (Molecular Dimensions). Each protein drop with 1 l of protein and 1 l of precipitant was equilibrated against 60 l of reservoir solution followed by incubation at 20°C. The good quality crystals for native GCG1 appeared in 0.2 M ammo-nium phosphate, 20% PEG 3350, pH 4.7, and 15% glycerol after seeding. For semet-GCG1-mutant, quality crystals were obtained in 1 M succinic acid, pH 7.0, 0.1 M HEPES, pH 7.0, and 1% w/v PEG-MME 2000 after seeding.
The X-ray diffraction data for native GCG1 and semet-GCG1-mutant were collected using synchrotron radiation available at BM14 beamline (European Synchrotron Radiation Facility (ESRF), Grenoble, France) equipped with MAR Mosaic CCD detector. The semet-GCG1-mutant crystal was soaked in 20% (v/v) glycerol in mother liquor for 10 s and immediately flash-cooled in liquid nitrogen before data collection. Total 991 images were collected for semet-GCG1-mutant crystals at wavelength of 0.9787 Å. For native GCG1, the glycerol (15%) used in crystallization experiment was sufficient for cryoprotection, and therefore, the crystal was directly flash-cooled in liquid nitrogen. A total of 2000 images were collected for native GCG1 at wavelength of 0.9763 Å. Both the datasets were indexed, integrated, and scaled using HKL2000 (44) suite of programs.
The crystal structure of semet-GCG1-mutant was solved by SAD method using AUTOSOL as implemented in PHENIX (37) . Initially, 4 of 7 selenium atoms (at residue numbers 42, 141, 176, and 207) were located. The other 3 selenium atoms anticipated at residue numbers 1, 77, and 210 were not located by the program. Moreover, refining these residues as selenomethionine at these positions did not fit well, and therefore, these residues were refined as methionine only. The incomplete incorporation of selenomethionine in the protein may be due to the usage of non methionine-auxotrophic strain for the expression of semet-GCG1-mutant protein. Nevertheless, the initial phases obtained from four selenium atoms were improved by density modification, and the modified map showed excellent electron density. Using the modified map, the automatic model building was able to build around 200 residues of 232 residues. Further refinement and model building were carried out in PHENIX and COOT (37, 38) , respectively. The three-dimensional structure thus obtained for the semet-GCG1-mutant was used as a template for the structure determination of native GCG1 by molecular replacement method using PHASER (39) as implemented in CCP4 (40) suite. The PHASER with default parameters gave a single solution with two molecules in the asymmetric unit. Further refinement was done using rigid body and restrained refinement using REFMAC5 (41) followed by refinement in PHE-NIX. The manual model building was done using COOT. The GCG1 model was subjected to simulating annealing refinement using PHENIX for further improvement and to minimize any model bias. All the atoms were refined with anisotropic temperature factors. The model building and refinement were carried out iteratively until the R work and R free were converged. 
